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Abstract
We consider a new Weinberg operator for neutrino mass of the form HuH˜dLiLj involving two
different Higgs doublets Hu, Hd with opposite hypercharge, where H˜d is the charge conjugated
doublet. It may arise from a model where the two Higgs doublets carry the same charge under a
U(1)′ gauge group which forbids the usual Weinberg operator but allows the mixed one. The new
Weinberg operator may be generated via two right-handed neutrinos oppositely charged under the
U(1)′, which may be identified as components of a fourth vector-like family in a complete model.
Such a version of the type I seesaw model, which we refer to as type Ib to distinguish it from the
usual type Ia seesaw mechanism which yields the usual Weinberg operator, allows the possibility
of having potentially large violations of unitarity of the leptonic mixing matrix whose bounds we
explore. We also consider the relaxation of the unitarity bounds due to the further addition of a
single right-handed neutrino, neutral under U(1)′, yielding a usual type Ia seesaw contribution.
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I. INTRODUCTION
The origin of neutrino mass is one of the major unresolved problems of particle physics.
The smallness of Majorana neutrino mass may arise from an effective operator of the form
HHLiLj first proposed by Weinberg [1], where H is the Higgs doublet of the Standard Model
(SM) taken to have opposite hypercharge to that of the lepton doublets Li, where i = 1, 2, 3 is
a family index. The operator is non-renormalisable and has a coefficient fij/Λ suppressed by
some mass scale Λ. In ultraviolet complete theories, the origin of the Weinberg operator may
arise from three types of tree-level seesaw mechanism: type I [2–5] involving the exchange
of right-handed neutrinos; type II [6–10] with scalar triplet exchange; and type III [11–18]
with fermion triplet exchange. In fact the type I seesaw mechanism may be implemented
in different ways known as the inverse [19, 20] and linear [21] seesaw mechanisms which
involve more than three right-handed neutrinos. There are also various loop mechanisms for
achieving the Weinberg operator known as type IV, V, VI [22].
The Weinberg operator discussed above can be straightforwardly generalised to the case of
multi-Higgs doublet models [23], to the operators of the form HaHbLiLj, for Higgs doublets
Ha,b, where a, b = 1, · · · , N can be taken to have the same hypercharge, opposite to that
of Li. The question of which Weinberg operators arise will depend on the details of the
particular multi-Higgs doublet model, such as the symmetries controlling the Higgs and
fermion sectors, the seesaw origin of the Weinberg operators and so on 1.
In this paper we shall consider a new Weinberg operator for neutrino mass of the form
HuH˜dLiLj involving two different Higgs doublets Hu, Hd with opposite hypercharge, where
the charge conjugated doublet H˜d = −iσ2H∗d , and H∗d is the complex conjugate of Hd. This
operator may be relevant in models where the usual Weinberg operator HuHuLiLj is not
generated by the seesaw mechanism but HuH˜dLiLj is. The reason for this depends on the
details of the underlying seesaw mechanism, for example, there may be some new symmetry
at work that acts on the Higgs doublets and the heavy states of mass Λ that prevents the
usual Weinberg operator from being generated but allows the new one. We shall introduce
a gauged U(1)′, broken near the TeV scale by a new SM singlet scalar φ, under which the
two Higgs doublets are charged such that the usual Weinberg operator is forbidden but the
new one is allowed.
We also propose a version of the type I seesaw model, which allows HuH˜dLiLj, referred
to as type Ib to distinguish it from the usual type Ia seesaw mechanism which yields the
usual Weinberg operator HuHuLiLj. The minimal version of the type Ib seesaw mechanism
involves the addition of two right-handed neutrinos, written here as left-handed spinors νc, νc,
which carry opposite charges under the gauged U(1)′, which allows a pseudo-Dirac mass term
Mνcνc between them, but prevents Majorana masses. The type Ib seesaw mechanism then
leads to the new Weinberg-type operator via their couplings to the Higgs doublets HuLiνc
and H˜dLiνc, which are allowed by U(1)′. Figure (1) shows the diagram that induces the
new Weinberg-type operator mediated by the right-handed neutrinos.
The above model does not allow renormalisable Yukawa couplings for the charged
fermions, since both Higgs doublets are charged under U(1)′, and so must be extended
somehow. In order to do this we identify the two right-handed neutrinos as originating from
1 We remark that the Weinberg operator may be generalised still further, see e.g. [24]. However in [24] the
authors do not explicitly mention the multi-Higgs doublet generalisation in [23] which is relevant here.
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• The effective Yukawa coupling in the general scenarioFIG. 1. Generation of the new Weinberg operator in the type Ib seesaw mechanism.
a fourth vector-like family, whose presence also allows for the generation of effective Yukawa
couplings. The presence of a Z ′ and a fourth vector-like family allows a connection between
the observed hints for anomalous semi-leptonic B decays [25, 26] which imply universality
violation in the ratio RK(∗) and the origin of the Yukawa couplings [27–29]. However we shall
not pursue such a connection here. We are more interested in the possibilities for large vio-
lations of unitarity of the leptonic mixing matrix due to the new type Ib seesaw mechanism
we introduce, due to the fact that two independent Higgs Yukawa couplings are required
to account for neutrino mass, which allows the couplings to Hu to be quite large, providing
those to Hd are very small. The non-unitarity of the leptonic mixing matrix induced by the
presence of heavy neutrinos has been studied in several works (see for instance [7, 30–51]).
We shall apply such an analysis to the type Ib seesaw model considered here.
This paper is organised as follows. In Section II the particle content of model studied
in this paper is introduced and the type Ib generation of neutrino masses in the minimal
model is discussed. In Section III we present the full model involving a fourth vector-like
family and the previous results are generalised to include a single right-handed neutrino N c
added in the particle content of the model. Finally, we discuss and conclude the results in
Section IV.
II. THE MINIMAL TYPE IB SEESAW MODEL
In the minimal scenario (MS) we do not consider any N c field, and therefore the SM
particle content is extended only by the vector-like neutrinos. The model is summarised in
Table I.
When the masses of the new vector-like neutrinos are above the electroweak scale, the
heavy fields can be integrated out, and the resulting effective field theory, built from a set
of effective operators, can be used to study the low energy phenomenology. Each of these
effective operators is suppressed by a power of the mass scale Λ up to which the effective
Lagrangian Leff is valid. The first of these effective operators is the dim-5 Weinberg operator
δLd=5 = cd=5ij
((
L>i Hu
) (
H˜>d Lj
)
+
(
L>i H˜d
) (
H>u Lj
))
, (1)
where H˜d = −iσ2H∗d . Notice that the standard Weinberg operator with two Hu or two Hd is
forbidden by the U(1)′ symmetry, and that only the new Weinberg-type operator that mixes
the two Higgs doublets is allowed in the model. When the Higgs doublets develops VEVs,
the new Weinberg-type operator induces Majorana masses −mˆνiνj for the light neutrinos.
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Field SU(3)c SU(2)L U(1)Y U(1)′
Qi 3 2 1/6 0
uci 3 1 −2/3 0
dci 3 1 1/3 0
Li 1 2 −1/2 0
eci 1 1 1 0
νc 1 1 0 1
νc 1 1 0 −1
φ 1 1 0 1
Hu 1 2 1/2 −1
Hd 1 2 −1/2 −1
TABLE I. The minimal model consists of three left-handed families ψi = Qi, Li and its CP conju-
gated right-handed fields ψci = uci , dci , eci (i = 1, 2, 3), and two CP conjugated right-handed neutrinos
νc, νc which carry opposite charge under the U(1)′ gauge group, together with the U(1)′-breaking
scalar field φ and the two Higgs scalar doublets Hu and Hd which are charged under U(1)′. No-
tice that all the fermions of this table are left-handed spinors and the bars indicate conjugate
representations under the SM gauge group.
At dimension 6, the only effective operator that is generated at tree level is [52]
δLd=6 = cd=6ij
((
L†iHu
)
i/∂
(
H†uLj
)
+
(
L†iH˜d
)
i/∂
(
H˜†dLj
))
. (2)
When the Higgs doublets acquire VEVs, δLd=6 leads to corrections to the light neutrino
kinetic terms, which become non-diagonal. The necessary rotation and normalisation to
bring the neutrino kinetic terms to its canonical form induces deviations of unitarity in the
leptonic mixing matrix that appears in the charged current (CC) interactions.
In the full theory, the renormalisable Yukawa and mass Lagrangians of this minimal
model contain the following terms
LMSYuk = yνiHuLiνc + 1yν′i H˜dLiνc + h.c. , (3)
and
LMSmass = Mννcνc + h.c. , (4)
where the transposes in the leptons have been omitted to shorten notation. We assume
that the Yukawa couplings between the left-handed neutrinos νi, the vector-like neutrino
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νc4 and H˜d in Eq. (3) are suppressed by 1. This assumption allows the Yukawa couplings
between the left-handed neutrinos νi, the vector-like neutrino νc4 and Hu in Eq. (3) to be
large, leading to possibly observable violations of unitarity. The key point here is that the
effective Weinberg-like operator for neutrino mass involves both the Higgs doublets and
hence the Yukawa coupling to Hu may be large if that to H˜d is small, for a given neutrino
mass. This is not possible for the usual Weinberg operator arising from the conventional
seesaw mechanism, which makes the novel seesaw mechanism discussed here interesting.
In the following basis, the full neutrino mass matrix reads
Mν =
ν1 ν2 ν3 ν
c νc

ν1 0 0 0 yν1v 1yν′1 v′
ν2 0 0 0 yν2v 1yν′2 v′
ν3 0 0 0 yν3v 1yν′3 v′
νc yν1v y
ν
2v y
ν
3v 0 Mν
νc 1y
ν′
1 v
′ 1yν′2 v
′ 1yν′3 v
′ Mν 0
≡
 0 mTD
mD MN
 , (5)
where v = vEW/
√
2 ' 174 GeV and v′ are the VEVs of the Higgs Hu and Hd, respectively,
and where the Dirac and Majorana mass matrices are defined as
mD =
ν1 ν2 ν3 νc yν1v yν2v yν3v
νc 1y
ν′
1 v
′ 1yν′2 v
′ 1yν′3 v
′
and MN =
νc νc νc 0 Mν
νc Mν 0
. (6)
The neutrino mass matrix of Eq. (5) is diagonalised by the full unitary matrix U
UT
 0 mTD
mD MN
U =
mdiag 0
0 Mdiag
 , (7)
where mdiag and Mdiag are the diagonal matrices containing the masses of the light and heavy
sectors, respectively. In all generality, this diagonalisation can be done as the product of two
consecutive rotations. This first rotation is a block-diagonalisation, while the second matrix
contains the two unitary rotations V and V ′ that diagonalise the masses of the light and
heavy neutrinos, respectively. Since the rotation between the two heavy states is unphysical,
V ′ = I can be used, and thus, the full unitary neutrino mixing matrix U is given by
U =
 A11 A12
A21 A22

 V 0
0 I
 , (8)
where the block-diagonalisation can be parametrise as the exponential of a block off-diagonal
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anti-Hermitian complex matrix Θ [53]
 A11 A12
A21 A22
 = exp
 0 Θ
−Θ† 0
 =

∞∑
n=0
(
−ΘΘ†
)n
(2n)!
∞∑
n=0
(
−ΘΘ†
)n
(2n+ 1)! Θ
−
∞∑
n=0
(
−Θ†Θ
)n
(2n+ 1)! Θ
†
∞∑
n=0
(
−Θ†Θ
)n
2n!
 . (9)
When substituting Eq. (8) in Eq. (7), and considering that the mass scale of the vector-
like neutrinos Mν4 is much higher than the VEVs v and v′, i.e. mD MN , the usual seesaw
relations are recovered
Θ ' m†DM−1N ,
V ∗mdiagV † ' −mTDM−1N mD ≡ −mˆ , (10)
Mdiag 'MN ,
with mˆ ≡ −vv′cd=5 the coefficient of the dim-5 new type of Weinberg operator that gener-
ates the light neutrino masses of Eq. (1). Therefore V is approximately the unitary rotation
that diagonalises the light neutrinos, and can be identified as UPMNS, the Pontecorvo-Maki-
Nakagawa-Sakata (PMNS) mixing matrix measured in neutrino oscillation experiments and
parametrised [54] as UPMNS = U23 (θ23)U13 (θ13, δ)U12 (θ12) diag
(
e−iα
′/2, e−iα/2, 1
)
2. At lead-
ing order in Θ, the full mixing matrix U will be
U '
 I −
ΘΘ†
2 Θ
−Θ† I − ΘΘ
†
2

 UPMNS 0
0 I
 , (11)
where its first sub-block parametrises the mixing of the light sector [55]
N ≡
(
I − ΘΘ
†
2
)
UPMNS = (I − η)UPMNS . (12)
Thus, the presence of the heavy vector-like family induces non-unitarity in the mixing matrix
that appear in the charged current interactions. These deviations of unitarity of the leptonic
mixing matrix induced by the dim-6 operator of Eq. (2), are parametrised by the hermitian
matrix η ≡ v2cd=6/2
η = ΘΘ
†
2 =
1
2m
†
DM
−2
N mD . (13)
In terms of the Yukawa couplings, the light neutrino mass matrix of Eq. (11) built up
from the Dirac and Majorana mass matrices of Eq. (6) reads
mˆij =
1vv
′
Mν
(
yνi y
ν′
j + yν′i yνj
)
, (14)
2 In the minimal scenario, α′ = 0.
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where it can be seen that the smallness of the light neutrino masses stem not only from the
suppression of Mν , but also from the small size of 1. On the other hand, the deviations of
unitarity will be
ηij =
1
2Mν2
(
v2yν∗i y
ν
j + 21v′2yν′∗i yν′j
)
' v
2
2Mν2y
ν∗
i y
ν
j , (15)
where the second term can be safely neglected since it would be of the order of the neutrino
mass scale squared over v2. Therefore, in this model the deviations of unitarity of the
PMNS matrix are not suppressed by 1, and could be arbitrarily large. At leading order,
the deviations of unitarity are thus determined only by the first row of mD containing the
3 complex Yukawa couplings yνi , and the mass scale of the vector-like neutrino Mν .
However, since both η and mˆ are built from mD and MN , they may not be fully indepen-
dent. This implies that in determinate cases, η could be partially reconstructed from mˆ, and
therefore, from the observed pattern of neutrino masses and mixings in neutrino oscillation
experiments. In the particular case of this minimal scenario, the Yukawa couplings yνi4 (yν′i4)
of Eq. (6) will be determined [56] up to an overall factor y (y′) from the elements of the
PMNS mixing matrix, and the two mass squared splittings, ∆m2sol and ∆m2atm. Notice that
in this minimal scenario just two light neutrinos get masses, and that therefore, the lightest
neutrino is strictly massless3. On the other hand, since the hierarchy of the neutrinos is not
determined yet, there will be two possible relations for the Yukawa couplings. For a normal
hierarchy (NH), m1 = 0 and the Yukawa couplings read
yνi =
y√
2
(√
1 + ρ (U∗PMNS)i3 +
√
1− ρ (U∗PMNS)i2
)
, (16)
yν′i =
y′√
2
(√
1 + ρ (U∗PMNS)i3 −
√
1− ρ (U∗PMNS)i2
)
,
where y and y′ are real numbers, and where ρ = (1−√r)/(1+√r) with r ≡ |∆m2sol|/|∆m2atm| =
∆m221/∆m231. While for an inverted hierarchy (IH), m3 = 0 and the Yukawa couplings are
given by
yνi =
y√
2
(√
1 + ρ (U∗PMNS)i2 +
√
1− ρ (U∗PMNS)i1
)
, (17)
yν′i =
y′√
2
(√
1 + ρ (U∗PMNS)i2 −
√
1− ρ (U∗PMNS)i1
)
,
where now ρ = (1 − √1 + r)/(1 + √1 + r) with r = ∆m221/∆m232. As a result, all the
neutrino phenomenology of this minimal scenario is described by five free parameters: two
real numbers y and y′, two phases δ and α, and one mass scale Mν4 . But only four of them
will enter in the description of the deviations of unitarity through Eq. (15).
Since the presence of the extra heavy vector-like neutrinos induces deviation of unitarity
in the PMNS matrix, the GIM cancellation [58] that suppresses flavour-changing processes is
3 The lightest neutrino is still massless when the 1-loop neutrino mass corrections that arise from the
neutrino self-energy are considered [57].
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FIG. 2. Diagram showing the extra neutrino contributions to µ → eγ. Here νn refers to the
neutrinos in the mass basis, and φ− represents the Goldstone boson.
loss. As a result, the present limits on LFV processes will set a strong constrain on the non-
unitarity of the leptonic mixing matrix, and therefore on the free parameters of the minimal
scenario y, δ and α through Eq. (15). In particular, the nowadays strongest constrain on
the elements of the η matrix comes from µ → eγ. Figure (2) shows the extra contribution
to the radiative decay µ→ eγ in presence of the vector-like neutrinos of the model.
The contribution to the branching ratio from both the heavy vector-like neutrinos and
the light neutrinos νi is given by
Γ (µ→ eγ)
Γ (µ→ eνµνe) =
3α
32pi
|
5∑
n=1
U2nU
†
n1F (xn)|2
(UU †)11 (UU †)22
, (18)
where xn = M2n/M2W , and where F (xn) reads
F (xn) =
10− 43xn + 78x2n − (49− 18 log xn)x3n + 4x4n
3 (xn − 1)4
, (19)
For masses of the vector-like neutrinos Mν MW , the sum in Eq. (18) can be separated in
light and heavy sectors factorizing the corresponding F (xn) function
Γ (µ→ eγ)
Γ (µ→ eνµνe) '
3α
8pi |η21|
2 (F (∞)− F (0))2 = 3α2pi |η21|
2 , (20)
where can be seen that loss of the GIM cancellation comes from the difference of the two
mass scales involved, and the non-unitarity of the leptonic mixing matrix. When comparing
with the existing present experimental limit [59] of the radiative decay, the following upper
bound at 1σ is derived [49]
|η21| ≤ 8.4 · 10−6 . (21)
In Figure 3 the allowed region of the free parameters of the minimal scenario is shown.
The hatched gray region is excluded by direct searches in ATLAS [60], while the pink (blue)
regions correspond to the allowed values of y and Mν4 when the present constrain on η12
of Eq. (21) and a NH (IH) in the light neutrino sector is considered. The allowed region
depends on the CP-violating phase δ and the Majorana phase α of the PMNS matrix. The
boundaries of the allowed regions depend on the values of the free phases δ and α. For a
NH (IH), the solid line correspond to δ = α = 0 (δ ' pi/2, α ' 9pi/10) and can be relax till
8
FIG. 3. Allowed region of the free parameters y and Mν in the minimal scenario when the present
bound [59] on µ → eγ is considered. For each hierarchy, the boundary ranges from the solid to
the dashed line depending on the values of the phases δ and α. The pink region corresponds to
NH while the blue region corresponds to IH. The hatched gray area has been excluded by direct
searches [60].
the dashed line which corresponds to δ = 0 and α = 2pi (δ = α = 0). For the numerical
analysis, the central values of the θij mixing angles of the PMNS matrix, the solar and the
atmospheric mass splittings of the NuFIT 4.0 [61] have been adopted.
The U(1)′ charge of the two Higgs doublets forbids the usual Yukawa couplings for the
charged fermions yψijHψiψcj . However, if one power of the scalar φ is introduced, the U(1)′
charge would be absorbed, and non-renormalisable Yukawa operators of the form yψijHψiφψcj
would be allowed. In order to build a renormalisable model, we will enlarge the particle
content of this simplify model by a fourth vector-like family that will allow to generate
masses for all the charged fermions via effective Yukawa couplings, as proposed in Ref. [29].
III. RENORMALISABLE TYPE IB (PLUS TYPE IA) SEESAW MODEL
The model of the previous section does not allow renormalisable Yukawa couplings for
the charged fermions and so must be extended somehow. Here we identify the two right-
handed neutrinos as originating from a fourth vector-like family, whose presence also allows
for the generation of effective Yukawa couplings. Notice that the vector-like structure makes
the model anomaly-free since the anomalies cancel between conjugate representations in the
fourth family [27].
The particle content of the general model that we consider here consists in three left-
handed families ψi = Qi, Li, the CP conjugated right handed families ψci = uci , dci , eci
(excluding the right-handed neutrinos) and a fourth vector-like left-handed family consist-
ing in ψ4 = Q4, L4, and ψc4 = uc4, dc4, ec4, νc4 and the conjugate representations ψ4 = Q4, L4,
and ψc4 = uc4, dc4, ec4, νc4. Here we identify νc4 and νc4 with νc and νc of the minimal type Ib
seesaw model of the previous section. So far we have not included any genuine right-handed
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neutrino N c (neutral under U(1)′). However, later in this section we shall consider the
additional effect of including (in addition to the fourth family states) one CP conjugated
right-handed singlet neutrino N c in the seesaw mechanism. Notice that here ψ denotes
that the fermion is in the conjugate representation of the SM gauge group. In our no-
tation all these fermion fields ψi, ψci , ψ4, ψc4, ψ4, ψc4 transform as left-handed spinors under
the Lorentz group. The vector-like family is charged under a gauge symmetry U(1)′ with
charges +1 (−1) for ψ4, ψc4 (ψ4, ψc4). However, since the model is “fermiophobic”, the three
chiral families ψi, ψci are neutral under the U(1)′ symmetry. The singlet scalar field φ is the
responsible of breaking the U(1)′ symmetry developing vacuum expectation value (VEV)
〈φ〉 around the TeV scale. The Z ′ boson generated after the symmetry breaking has a mass
at the same scale. The scalar φ has U(1)′ charge +1. Since the two Higgs doublets Hu and
Hd are negatively charged under the U(1)′, no standard renormalisable Yukawa couplings
among the first three chiral families are allowed, and only those which couple the first three
chiral families to the fourth vector-like family are generated. All the charges of the different
left-handed particles of the model are summarised in Table II.
The renormalisable Yukawa and mass Lagrangians that account for the interactions of
the particles summarised in Table II are
LYuk = yψi4Hψiψc4 + yψ′i4H∗ψiψc4 + yψ4iHψ4ψci + h.c. , (22)
Lmass = xψi φψiψ4 + xψ
c
i φψ
c
iψ
c
4 +Mψ4 ψ4ψ4 +Mψ
c
4 ψ
c
4ψ
c
4 + h.c. , (23)
where xψi and y
ψ
ij are dimensionless coupling constants and M
ψ
4 are explicit mass terms.
Notice that the two Higgs doublets H are charged under U(1)′, and thus the usual Yukawa
couplings yψijHψiψcj are forbidden for i, j = 1, ..., 3. However, effective 3×3 Yukawa couplings
may be generated by the two mass insertion diagrams shown Fig. 5. These effective Yukawa
couplings read
LeffYuk =
yψi4xψcj 〈φ〉
Mψ
c
4
+
xψi y
ψ
4j 〈φ〉
Mψ4
Hψiψcj + h.c. . (24)
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FIG. 4. Mass insertion approximation diagrams which lead to the effective Yukawa couplings. H
represents the two Higgs doublets Hu,d.
In the minimal scenario we did not consider a full vector-like fourth family. Now including
such states, the general scenario (GS) also involves one CP conjugate heavy right-handed
neutrino N c as summarised in Table II. This N c is singlet under all the gauge group and
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Field SU(3)c SU(2)L U(1)Y U(1)′
Qi 3 2 1/6 0
uci 3 1 −2/3 0
dci 3 1 1/3 0
Li 1 2 −1/2 0
eci 1 1 1 0
N c 1 1 0 0
Q4 3 2 1/6 1
uc4 3 1 −2/3 1
dc4 3 1 1/3 1
L4 1 2 −1/2 1
ec4 1 1 1 1
νc4 1 1 0 1
Q4 3 2 −1/6 −1
uc4 3 1 2/3 −1
uc4 3 1 −1/3 −1
L4 1 2 1/2 −1
ec4 1 1 −1 −1
νc4 1 1 0 −1
φ 1 1 0 1
Hu 1 2 1/2 −1
Hd 1 2 −1/2 −1
TABLE II. The most general model consists of three left-handed families ψi = Qi, Li and its CP
conjugated right-handed fields ψci = uci , dci , eci (i = 1, 2, 3), and a fourth vector-like family consisting
of ψ4 plus ψ4 and ψc4 plus ψc4, together with the U(1)′-breaking scalar field φ and the two Higgs
scalar doublets Hu and Hd which are charged under U(1)′. In the minimal model, the single
CP conjugated right-handed neutrino N c is not introduced, and will be considered only later.
Notice that all the fermions of this table are left-handed spinors and the bars indicate conjugate
representations under the SM gauge group.
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therefore a Majorana mass MM is allowed for it. The Yukawa and mass Lagrangians of the
general scenario will now contain the following terms
LGSYuk = yui4HuQiuc4 + ydi4HdQidc4 + yνi4HuLiνc4 + 1yν′i4H˜dLiνc4 + ye4iHdLiec4 (25)
+ yu4iHuQ4uci + yd4iHdQ4dci + ye4iHdL4eci + 2yN4 HuL4N
c + h.c. ,
and
LMSmass = xQi φQiQ4 + xLi φLiL4 + xui φuciuc4 + xdiφdcidc4 + xeiφeciec4 + xNφN cνc4 + xN ′φcN cνc4 (26)
+ MQ4 Q4Q4 +ML4 L4L4 +Mu4 uc4uc4 +Md4 dc4dc4 +M e4ec4ec4 +Mν4 ν
c
4ν
c
4 +
1
2
MMN
cN c + h.c. ,
where again we are supposing that the Yukawa coupling between the vector-like lepton L4
and the heavy neutrino N c is suppressed by 2. Moreover, we will consider that both µ4 ≡
xN〈φ〉 and µ3 ≡ xN ′〈φ〉 are suppressed compared to the Majorana scale (i.e. µ3,4  MM).
The terms of the Lagrangians of Eq. (25) and Eq. (26) that will enter in the discussion of
this section are highlighted in bold face and may be compared to the corresponding terms
in the minimal type Ib seesaw model in Eqs. (3) and (4), where we identify νc4 and νc4 with
νc and νc and the parameters yνi4, yν′i4,Mν4 with yνi , yν′i ,Mν .
1. The effective Yukawa couplings
As explained at the beginning of this section, the presence of N c allows to generate the
effective Yukawa interaction HuLiN c of Eq. (24) through the diagrams in the mass insertion
approximation shown in Figure 5.
Li
Hu
νc4
M ν4
νc4
φ
N c
Li
φ
L4
ML4
L4
Hu
N c
Li
Hu
νc4
M ν4
νc4
φ
N c
Li
φ
L4
ML4
L4
Hu
N c
FIG. 5. Diagrams in the mass insertion approximation that generate the effective Yukawa couplings
that will contribute to the light neutrino masses.
As a result, this effective Yukawa interaction will generate the following effective Dirac
masses
meffDi =
µ3
Mν4
yν
c
i4 v +
xLi 〈φ〉
ML4
2y
N
4 v . (27)
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2. Generating neutrino masses
The full neutrino mass matrix of the general scenario will be given by the right-hand side
term of Eq. (5), where now the Dirac and Majorana mass matrices read
mD =
ν1 ν2 ν3

νc4 y
ν
14v y
ν
24v y
ν
34v
νc4 1y
ν′
14v
′ 1yν′24v
′ 1yν′34v
′
N c meffD1 m
eff
D2 m
eff
D3
and MN =
νc4 ν
c
4 N
c

νc4 0 Mν4 µ3
νc4 M
ν
4 0 µ4
N c µ3 µ4 MM
. (28)
Substituting these Dirac and Majorana mass matrices of Eq. (28) into Eq. (11) and
assuming that 1v, 2v, µ3, and µ4  Mν4 and MM , the light neutrino mass matrix mˆ will
be given4 by
mˆij ' 1vv
′
Mν4
(
yνi4y
ν′
j4 + yν′i4yνj4
)
+ v
2 (µ3 − µ4)2
MMMν24
yνi4y
ν
j4 +
22v
2〈φ〉2
MMMν24
xLi x
L
j y
N2
4 (29)
+ 2v
2〈φ〉 (µ3 − µ4) yN4
MMMν24
(
xLi y
ν
j4 + xLj yνi4
)
.
Without assuming fine-tuning cancellations, all the terms of Eq. (29) have to be of the
order of the scale of light neutrino masses. And therefore, when computing the η matrix in
the general scenario, the contributions from the second and third rows of mD are found to
be negligible. As a result, the same relation for η of the minimal scenario given by Eq. (15)
will be recovered
ηij ' v
2
2Mν24
yν∗i4 y
ν
j4 . (30)
Once again, in order to get the correct structure of the symmetric matrix mˆ, there will
be correlations among the elements of mD. As a result, one of the three complex Yukawa
couplings yνi4 necessary to describe the deviations of unitarity will be completely determined
from the other two Yukawa couplings and the elements of mˆ as follows [47]
yν34 '
1
mˆ212 − mˆ11mˆ22
yν14 (mˆ12mˆ23 − mˆ13mˆ22)
+ yν24 (mˆ12mˆ13 − mˆ11mˆ23)±
√
yν214mˆ22 − 2yν14yν24mˆ12 + yν234mˆ11 × (31)
×
√
mˆ213mˆ22 − 2mˆ12mˆ13mˆ23 + mˆ11mˆ223 + mˆ212mˆ33 − mˆ11mˆ22mˆ33
 .
Therefore, of the η matrix will be described by: two complex Yukawa couplings yν14 and
yν24 one heavy vector-like neutrino mass scale Mν4 , and the four yet unknown parameters on
mˆ: the light neutrino mass scale m1, 3 and the three phases of the PMNS matrix δ, α,α′.
4 At leading order in the small parameters 1, 2, and µ3,4/MX , with MX = Mν4 ,MM .
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Similarly, the allowed region of the free parameters yν14, yν24 and Mν4 can be analysed by
using the present bounds on the elements of η through Eq. (30). In particular, the global-fit
to Electroweak and flavour precision observables performed in [49] sets the following upper
bounds
NH
 η11 < 4.2 · 10
−4
η22 < 2.9 · 10−7
and IH
 η11 < 4.8 · 10
−4
η22 < 2.4 · 10−7
, (32)
at 1σ for both normal and inverted hierarchies.
FIG. 6. Allowed region of the free parameters of the general scenario when the present bounds [49]
on the non-unitarity of the leptonic mixing matrix are considered. The green (purple) area cor-
responds to |yν14| (|yν24|), while the solid (dashed) line is the boundary for NH (IH). The hatched
gray area is already excluded by direct searches [60].
In Figure 6 the constraints that the present bounds on the non-unitarity of the PMNS
matrix of Eq. (32) set on the free parameters of the general scenario are shown. The allowed
region for the |yν14| (|yν24|) as a function of the vector-like neutrino mass scale Mν4 is shown in
green (purple). The solid (dashed) line corresponds to the boundary of the allowed region
for a NH (IH) in the light neutrino sector. The hatched gray area has been already excluded
by direct searches at LHC [60].
Finally, if an arbitrary number n (with n ≥ 2) of N c fields is introduced in the model, the
η matrix would be a completely generic Hermitian matrix described by 9 free parameters.
These parameters are enough to reproduce the correct masses and mixings of the light
neutrinos, and thus mˆ and η would be unrelated. That is, there would not be correlations
among the Yukawa couplings, and no extra information on this vector-like model would be
derived. Therefore, these scenarios are not further discussed in this work.
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IV. DISCUSSION AND CONCLUSIONS
In this paper we have considered a new Weinberg operator for neutrino mass of the form
HuH˜dLiLj involving two different Higgs doublets Hu, Hd with opposite hypercharge, where
H˜d is the charge conjugated doublet. We have considered a minimal model involving two
Higgs doublets, charged under a U(1)′ gauge group which forbids the usual Weinberg op-
erator but allows the mixed one. The new Weinberg operator is then generated via two
right-handed neutrinos oppositely charged under the U(1)′. Such a version of the type I
seesaw model, which we refer to as type Ib to distinguish it from the usual type Ia seesaw
mechanism which yields the usual Weinberg operator, allows the possibility of having po-
tentially large violations of unitarity of the leptonic mixing matrix whose bounds we have
explored. However the minimal model only allows non-renormalisable Yukawa couplings for
the charged fermions.
In the minimal model, the SM particle content is extended by two right-handed neutrinos
νc and νc. These heavy right-handed neutrinos are oppositely charged under the gauge
U(1)′. Since the SM has been extended with just two extra singlets, just two of the three
light neutrinos will be massive. In order to reproduce the observed pattern of neutrino
masses and mixings, a particular structure in the Yukawa couplings of the right-handed
neutrinos is obtained. In particular, the Yukawa couplings of the heavy neutrino νc with
the light neutrinos will be reconstructed from the elements of the PMNS mixing matrix, the
neutrino mass splittings, and an overall scaling factor y. The presence of the heavy neutrinos
generate deviations of unitarity in the leptonic mixing matrix, and thus, there would be an
enhancement in the LFV processes due to the loss of the GIM cancellation. The stringent
experimental limit on the LFV radiative decay µ→ eγ has been used to analyse the allowed
parameter space of the free parameters y and Mν of the minimal scenario (see Figure 3).
We have also considered a more general model which allows all Yukawa couplings to
be generated via a fourth vector-like family charged under the U(1)′ (including νc4 and νc4
identified as νc and νc of the minimal scenario). In addition, we considered the relaxation of
the unitarity bound due to the further addition of one (or more) extra CP conjugated right-
handed neutrino(s) N c, neutral under U(1)′, yielding a usual type Ia seesaw contribution, in
addition to the type Ib contribution. In this way, all the SM fermions acquire Dirac masses
via effective Yukawa couplings with the fourth family.
In the case of one additional N c (plus νc4 and νc4), the three heavy neutrinos generate
masses for the three light neutrinos, and as a result, the strong correlations on the Yukawa
couplings of the minimal scenario are relaxed. In particular, two of the three Yukawa
couplings that enter in the description of the dim-6 effective operator (η) will be free, and
the third one will be given by the other two, and the pattern of masses and mixings of the
light sector. The non-unitarity of the leptonic mixing matrix, generated by the presence of
the heavy neutrinos and parametrised by η, would modify Electroweak and flavour precision
observables. And thus, the present bounds on the non-unitarity of the mixing matrix can
be used to constrain regions of the parameter space of the two free Yukawa couplings and
Mν4 (see Figure 6).
In conclusion we have considered a new Weinberg operator for neutrino mass and pro-
posed a type Ib seesaw mechanism to account for it. While the minimal model is quite
compact and constrained by unitarity, it is not complete since the charged fermion Yukawa
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couplings are non-renormalisable. In order to obtain a renormalisable explanation of such
Yukawa couplings, we were led to introduce a fourth vector-like family, to which the singlet
neutrinos of the minimal model belong, leading to possible connections with RK(∗) as well
as collider implications for the LHC.
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